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Introduction
▼Much of the information about methylation in the mam-
malian genome has been gathered using restriction en-
zyme analysis. A problem with this type of analysis is
that it is limited to those cytosine residues located within
methylation-sensitive restriction endonuclease sites. Bisul-
fite genomic sequencing is a powerful tool which has been
recently used to uncover the methylation profile of each
CpGwithin a region of interest. Under the appropriate con-
ditions, sodium bisulfite induces the deamination of cy-
tosine residues, but not 5-methylcytosine residues. When
clones derived from PCR-amplified bisulfite-treated DNA
are sequenced, the only cytosines present in the sequence
represent those that were methylated in the original sam-
ple; all other cytosines are converted to thymine by the
mutagenesis and PCR amplification.
This protocol is a modification of previous bisulfite mu-
tagenesis protocols (Ref. 1, 2, 3). It has been used to analyze
the methylation profile of all CpG dinucleotides within a
2.6 kb region of the murine H19 gene (Ref. 4). Through
the identification of sequence polymorphisms (non-C to
T) between the two parental strains used to generate the
F1 hybrid embryos used in our study, we have been able
to distinguish the parental origin of each sequenced clone,
further strengthening our analysis. With this protocol, we
have found that >99% of the cytosine residues are con-
verted to uracil in every mutagenesis performed.
Bisulfite mutagenesis
Prepare immediately before use
10 mM hydroquinone (Sigma; #H 9003)
40.5% sodium bisulfite (Sigma; #S 8890, 8.1 g/20 ml, dis-
solve in 17 ml cold water, pH 5.0 with 10 N NaOH, bring
to volume)
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Dissolve above solutions by gently inverting with a min-
imum amount of mixing. Keep solutions cold and in the
dark as much as possible.
1. Digest 2−5 µg of high-molecular-weight genomic DNA
overnight with a restriction enzyme that does not di-
gest the DNA within the region of interest.
2. Extract the DNA with phenol:chloroform:isoamyl al-
cohol (PCI; 25:24:1), precipitate with 1/10 volume 5 M
ammonium acetate and 2 volumes ethanol at −85◦C
for 15 min. Centrifuge (14,000 rev/min) at room tem-
perature, remove the supernatant and wash the pellet
twice with 70% ethanol. Dry the pellet and resuspend
in 100 µl TE (10 mM Tris−HCl, pH7.5, 1 mM EDTA).
3. Denature the DNA by adding freshly prepared NaOH
(3 M) to a final concentration of 0.3 M. Incubate at
42◦C for 30 min.
4. To a siliconized microcentrifuge tube add:
5. 1020 µl 40.5% sodium bisulfite
6. 60 µl 10 mM hydroquinone
7. 110 µl DNA (+ NaOH)
8. 10 µl water
9. Gently mix and overlay with mineral oil. Cover the
tube with aluminum foil to shield from the light.
10. Incubate at 55◦C for 16−18 h.
11. Purify DNA using the Gen eclean II kit (Intermountain
Scientific Corporation).
12. Add TE to a final volume of 100 µl.
13. Denature the sample with freshly prepared NaOH (as
above) and incubate at 37◦C for 15 min.
14. Neutralize by adding ammonium acetate (pH 7.0) to
3 M.
15. Precipitate the DNA with three volumes of ethanol,
centrifuge for 10 min (14,000 rev/min) at room tem-
perature, wash twice with 70% ethanol and dry under
a vacuum. Resuspend in 100 µl TE, and store at −20◦C
wrapped in foil. Treated DNA should be used within
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two weeks as degradation still occurs in the cleaned
and frozen sample.
It is important that the DNA is completely denatured
prior to and in the presence of the bisulfite solution or the
modification will not be complete. To ensure complete de-
naturation, nomore that 5 µg of startingmaterial should be
used, the DNA should be digested with restriction enzymes
and the initial alkaline denaturation should be at 42◦C for
30 min.
PCR, cloning and sequencing
Because the two strands are no longer complementary af-
ter bisulfite mutagenesis, strand-specific primers are used
for PCR amplification. Nested or semi-nested primers were
necessary to produce enough product from genomic DNA
for efficient ligation. Primers were designed according to
the guidelines prescribed by Clark and colleagues, and un-
der the assumption that all cytosines had been converted
to uracil (Ref. 1). Furthermore, the primers were never de-
signed to complement a region containing a CpG dinu-
cleotide.
Each 25 µl reaction contained 12.5 ng of each primer,
1.5 mM MgCl2, 10mM Tris (pH 8.3), 50mM KCl, 100 µM
of each dNTP and 0.5 U AmpliTaq DNA polymerase (Perkin
Elmer). The first round of PCR was performed with 1−4 µl
of the mutagenized DNA under the following conditions:
4 min at 94◦C, 2 min at 55◦C, and 2 min at 72◦C for two
cycles followed by 35 cycles of PCR for 1 min at 94◦C,
2 min at 55◦C, and 2 min at 72◦C. For the second round
of PCR, 0.1− 4.0 µl of the first-round sample was used. The
conditions for second round PCR were the same as the first,
except for the omission of the first two cycles. To confirm
that a product of the expected size was amplified, a por-
tion of the final PCR products was electrophoresed on a
7% acrylamide gel and visualized by staining with ethid-
ium bromide. PCR products were subcloned using the TA
Cloning kit (Invitrogen), and the resulting plasmids were
purified by alkaline lysis. One microliter RNase A (20 U/µl,
US Biochemical) was added to positive clones and they were
incubated for 30 min at 37◦C. Clones were subjected to
double-stranded sequencing using the Sequenase kit (US
Biochemical). Sequence polymorphisms were used to dis-
tinguish the parental alleles.
Bisulfite modification for nanogram quantities
of DNA
The modifications for smaller quantities of DNA are listed
below. This protocol was initially established for the
modification of blastocyst DNA (Ref. 4). The basic changes
that have been made to the protocol include the method
of extraction and the addition of mussel glycogen to
precipitations. This protocol could be used for the pro-
duction of mutagenized DNA from ten to several hundred
nanograms. The protocol is written as an addendum to the
one above, the steps are the same and only changes are
noted.
1. DNA was extracted from 300−400 blastocysts in pools
of 60−90 by the proteinase K−guanidine HCl method
(Ref. 56). The digestion is performed in a total volume
of 100 µl for 3 h.
2. PCI extraction−DNA precipitation is performed as
above (#2), except that 40 µg of mussel glycogen is
added to the precipitation which is centrifuged for
45 min after incubation at −80◦C for 2 h. The pellet
is resuspended in 25 µl TE.
3. As #3 above.
4. The bisulfite reaction is scaled down to accommodate
the smaller volume of DNA:
5. 255 µl sodium bisulfate
6. 15 µl hydroquinone
7. 27.5 µl DNA (+ NaOH)
8. 2.5 µl water
9. As #5 above.
10. As #6 above.
11. As #7 above
12. TE is added to a final volume of 25 µl.
13. As #9 above.
14. As #10 above.
15. As #11 above, except that the precipitation is per-
formed in the presence of 40 µg mussel glycogen at
−80◦C for 30 min, followed by centrifugation (14,000
rev/min) at room temperature for 30 min. The DNA is
resuspended in 25 µl TE.
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Products Used
hydroquinone: hydroquinone from Sigma
sodium bisulfite: sodium bisulfite from Sigma
ECL: ECL from Amersham Pharmacia Biotech
AmpliTaq DNA polymerase: AmpliTaq DNA
polymerase from PE Applied Biosystems
Taq polymerase: Taq polymerase from Boehringer
Mannheim
AmpliTaq: AmpliTaq from PE Applied Biosystems
TA Cloning Kit: TA Cloning Kit from Invitrogen
RNase A: RNase A from QIAGEN GmbH
RNase: RNase from Sigma
RNase A: RNase A from Sigma
Sequenase: Sequenase from Amersham Pharmacia
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